We revisit the scalar singlet dark matter (DM) scenario with a pair of dark lepton partners which form a vector-like Dirac fermionic doublet. The extra doublet couples with the SM leptonic doublet and the scalar singet via a non-SM-like Yukawa structure. As a result, (1) since the extra fermionic states interact with other dark sector particles as well as the SM via gauge and Yukawa interactions, it gives rise to new DM annihilation processes including pair annihilation as well as coannihilation channels, and (2) such a Yukawa structure opens up new production channels for leptonic final states giving much enhancement in cross sections to search for dark matter in the LHC. Using suitable kinematic observables, we train a Boosted Decision Tree (BDT) classifier to separate enhanced but still feeble light leptonic signal from the backgrounds in an effective manner. On the other hand, same technique is applied to study τ-tagged jets in search for DM signals.
I. INTRODUCTION
Cosmological considerations and astrophysical observations have established beyond any reasonable doubt, the existence of the dark matter (DM). The satellite-borne experiments such as WMAP [1] and PLANCK [2] measured extremely precisely the cosmological relic abundance and it is given by Ω DM h 2 = 0.1199±0.0027, h being the reduced Hubble constant. Though DM constitutes about 27% of the energy budget of the Universe, the particle nature of it remains an enigma. The search for a suitable candidate for particle dark matter is a longstanding problem [3] [4] [5] . The so-called Weakly Interacting Massive Particle (WIMP) is the most widely explored sector to resolve the discrepancy. Within the WIMP paradigm, the scalar singlet dark matter or scalar "Higgs-portal" scenario is perhaps the most studied of all the relevant scenarios of dark matter to explain the relic density [6] [7] [8] . Consequently, it went through immense scrutiny theoretically as well as experimentally (see for example Refs. [9, 10] for recent reviews of the current status of the Higgs portal scenario). We now know that the direct detection (DD) [11] [12] [13] [14] , indirect detection (ID) [15] [16] [17] and invisible Higgs decay [18] [19] [20] searches put a strong bound on the coupling of the Standard Model (SM) Higgs boson, h with the said scalar singlet, say S. Let us call this coupling λ hS . These experiments constrain λ hS to be very small. As a result, it gives an overabundance of relic density except around a small window around the resonance region, m S ∼ m h /2.
However, one can improve the situation with scalar singlet DM using various alternatives, such as considering other symmetries within the dark sector [21] [22] [23] or adding new particles in the particle spectrum so as to arrange other portals [24] [25] [26] for DM annihilation without worsening the existing constraints. An interesting possibility in this context, called the coannihilation [27] , is a widely studied feature in DM dynamics where the DM annihilates with another dark sector particle and the chemical equilibrium between the annihilating particles ensures the substantial depletion of DM number density. This feature is a very useful handle to revive the scenarios where direct detection bounds push relic density to overabundance. In such scenarios, coannihilation works efficiently as a DM number changing process without affecting the direct search measurements because the couplings involved in coannihilation are insensitive to direct detection channels.
In the present work, we will revisit the scenario of the scalar singlet dark matter with a pair of accompanying dark leptons which form a vector-like Dirac fermionic doublet. This dark sector doublet couples with the SM leptonic doublet and the scalar singlet via a novel Yukawa interaction which is less explored in the literature. There are two distinct interesting features of this model: (1) Since the new dark sector fermions form a doublet they will interact with the SM via gauge interaction as well as the new Yukawa coupling, which in turn will give rise to new annihilation channels, and (2) Such a Yukawa structure will open up new production channels for leptonic final states giving much enhancement in crosssections to search for dark matter in collider environments like LHC through the said channel. Depending on the choice of parameters, here the DM annihilation can have three distinguishable stages, namely pair annihilation, coannihilation, and mediator annihilation. Here, it is to be noted that coannihilation scenarios in WIMP are mostly studied in the literature in the context of SUSY [28] [29] [30] and coloured coannihilating particles [31] [32] [33] . Our model discusses a leptophilic context and the coannihilation channels play an important role here due to the gauge interaction in the dark sector in addition to the new Yukawa coupling. This feature is significantly different from the cases explored in literature where the leptophilic Yukawa structure involves singlet dark sector partners with the DM candidate [34, 35] .
As mentioned above, since the coannihilating partner 1 couples to the SM with gauge as well as Yukawa coupling, the leptonic search channels get a boost in cross-section from it and it is only logical to probe the said channel for collider signatures. Moreover, the leptonic channel gives cleaner signals than the other channels. Still, the collider searches of dark matter is a very challenging prospect. Note that any lepto-philic DM model like ours contributes to the calculation of muon g − 2. Very good agreement between the theoretical calculation and experimental measurements of muon g − 2, ∆a µ = a Exp µ − a SM µ = 268(63)(43) × 10 −11 [36] put a strong constraint on the new Yukawa couplings of the light SM leptons. However, there is no such bound for the production of τ-leptons. Hence, it would be a good prospect to probe that channel for dark matter signatures in colliders. Our case is similar to the supersymmetric (SUSY) theories where stau is the coannihilating partner [28, [37] [38] [39] [40] [41] [42] [43] .
Despite the leptonic channel getting a boost, the cross-section can still be smaller. So to probe light leptonic channels effectively, one must follow sophisticated techniques to separate signals from the backgrounds. The multivariate analysis is one such prospect. We perform Boosted Decision Tree (BDT) response to separate feeble light leptonic signal from the backgrounds in an effective manner. On the other hand, despite further enhancement in cross-section, the τ-leptons mostly decay into hadronic jets resulting in difficulty in their reconstruction. We used τ-tagged jets from the detector simulation with 60% τ-tagging efficiency to perform the BDT response.
We organized the paper as follows. In Section II, we describe the contents of our model. The dark matter phenomenology, its formalism, and the observations from the relic density, direct and indirect detection calculation are discussed in Section III. Section IV contains the study of collider signatures at the LHC through multivariate analysis of light di-lepton as well as di-τ-lepton channel. Finally, we conclude our results in Section V.
II. MODEL DESCRIPTION
As we described briefly in the Introduction, we want a model where the dark sector will consist of one or more coannihilating partners in addition to the scalar singlet dark matter. So, we consider a vector-like Dirac fermionic doublet, Ψ T = (ψ 0 , ψ − ) and a real scalar singlet φ in addition to the SM particles. To achieve the stability of the dark sector, both the new fields are odd under 2 symmetry whereas the SM fields are 2 -even. In Table I The real scalar singlet φ which is our DM candidate interacts with the SM via the Higgs portal. As the other dark sector particles, (ψ 0 , ψ ± ) form an SU(2) L doublet, it interacts with the SM through gauge bosons. Finally, the coannihilating doublet Ψ couples with the SM leptonic doublet L and the scalar singlet φ via a Yukawa interaction. This is novel in the sense that the widely used Yukawa structure in any new physics model consists of a scalar doublet which is the replica of the SM Yukawa interaction. Although this particular Yukawa structure is less explored in the literature, it fits the bill for all our requirements for this study. Hence the resulting Lagangian takes the form
where SM is the SM Lagrangian, M Ψ = diag (m ψ 0 , m ψ − ), is the diagonal mass matrix and D µ = ∂ µ + i g W t a W a + i g Y B µ is the covariant derivative of the fermionic doublet Ψ. The mass of the scalar singlet φ is given by m 2 φ = µ 2 φ + λ hφ v 2 /2. A discussion is in order here on the existing bounds that constrain the model parameters. The couplings which will play a significant role in the DM dynamics are the Higgs portal coupling λ hφ and the Yukawa couplings y , = e, µ, τ. To put the bounds from the direct detection searches at bay we have considered λ hφ 10 −4 which also takes care of the invisible decay measurement. One the other hand, the muon g − 2 measurement put the value of the Yukawa couplings of light leptons at y e ∼ y µ 10 −9 . This leaves the third generation Yukawa coupling y τ to be the only one free from experimental constraints. However, one must note that to keep our model in the perturbative regime, we must have y τ ≤ 4π.
III. DARK MATTER PHENOMENOLOGY

A. Formalism
In the proposed model, DM number changing processes are (i) pair annihilation (φφ → SM SM), (ii) coannihilation (φψ ±0 → SM SM) and (iii) mediator annihilation (ψ ±0 ψ ∓0 → SM SM). The choice of parameters will determine the relative contribution of these processes towards the relic density as we discuss in the following sections. In agreement with the common assumption of thermal freeze-out, the dark sector particles are in equilibrium with the thermal bath in the early Universe. At the same time, they are also in chemical equilibrium with each other, due to substantial interaction strength between themselves. Keeping all these in mind, one can write the Boltzmann equation as follows [27] 
where n and n eq are the DM number density and the equilibrium number density respectively. Now, the effective velocity averaged annihilation cross-section, 〈σ eff v〉 specific to this model can be written as
whereḡ
In the expressions above, g φ = 1, g ψ 0 = g ψ ± = 2 are the internal degrees of freedom and x = m φ /T . ∆m's are dimensionless mass splitting parameters defined as
As previously mentioned, the pair annihilation and coannihilation channels predominantly control the DM freeze-out. The mass splitting between φ and other dark sector particles and the Yukawa couplings mainly determine the contribution of these processes towards the total DM annihilation cross-section. These mass splits, play a very important role, especially for the coannihilation and mediator annihilation processes as the Boltzmann factor in Eq. (3) gives rise to significantly increased annihilation cross-section for small values of ∆m's.
Before we go into the details of the freeze-out mechanisms, let us discuss the parameters used in the analysis. Since the mass splitting parameters defined in Eq. (5) between DM and other dark sector particles play an important role in freeze-out of φ, we will use them as independent parameters along with DM mass. As discussed in the previous section, the only important Yukawa coupling here will be y τ , which couples φ to the third generation SU(2) L lepton doublet and the new fermionic doublet Ψ. In summary, we take the following values of the parameters throughout our analysis, Free parameters: m φ , ∆m 0 , ∆m ch , y τ , Fixed parameters: λ hφ = 10 −4 , y e ∼ y µ ∼ 10 −9 .
B. Analysis and observations
Relic density
In addition to the Higgs portal annihilation channels of scalar singlet DM, the present model introduces a Yukawa interaction between the dark sector particles and SM. Unlike the Higgs-DM quartic coupling (λ hφ ), the new Yukawa coupling ( y τ ) is unconstrained except for the perturbative limits. This provides an excellent tool to explain the relic density for a wide parameter space even with negligible λ hφ , which in turn alleviates the direct search bounds. We have performed DM analysis using micrOMEGAs [44] .
Due to minuscule λ hφ , the Higgs portal annihilation channels have a negligible contribution towards DM relic density and hence we will focus on the newly introduced channels only. All these annihilation channels can be broadly classified into 3 categories:
• Pair annihilation (φφ → SM SM) ( Fig. 1 )
All these categories can coexist or supersede each other, depending on the choice of parameters. As obvious from the figures below as well Eq. (3), the two ∆m's account for the strength of the coannihilation and mediator annihilation channels for two heavier dark sector particles ψ 0 and ψ ± . Apart from this, the Yukawa coupling y τ also plays a significant role. In this context, it is worth noting that for the pair annihilation channels in Fig. 1 , the cross-section depends on y 4 τ while for coannihilation channels, it is only a y 2 τ dependence and the mediator annihilation channels, being mostly gauge mediated, has a very little dependence on y τ . One can easily verify this from the analytical expressions in Eqs. (A1) and (A2).
Since all the above three categories of DM annihilation can coexist in the parameter space, it would be interesting to identify the limiting cases where the transition from one category to another is perceivable. It is worth mentioning here that the interaction channels between φ and two other dark sector particles are exactly similar (see Figs. 1 and 2), so in the degenerate mass limit, m ψ 0 ∼ m ψ ± , their contribution will be the same. Hence, to see the effect of their interaction with DM, it is sufficient to take one ∆m small and fix the other at large values so that the large propagator suppression in Fig. 1 or Boltzmann suppression in Fig. 2 practically makes the relevant channels negligible. In Fig. 4 , the above mentioned transition is depicted in the y τ vs. m φ plane for some fixed values of δm = m ψ ± − m φ . m ψ 0 is fixed at a much larger value (2 TeV) than m φ max so that only φ − ψ ± interactions are important. For pair annihilation, 〈σ eff v〉 has m ψ ± dependence only in the t-channel propagator, but for coannihilation, m ψ ± appears in the propagator and the initial state along with the Boltzmann factor (Eq. (4)). Now, for a very large value of δm, the coannihilation processes will be negligible due to substantially large Boltzmann suppression, and so the pair annihilation will predominantly dictate the DM annihilation. For these channels also, due to large propagator suppression, to obtain sufficient annihilation cross-section for the right relic, one has to go to very large coupling. This feature is clear from the green line in Fig. 4 . For the magenta line, however, since the split is comparatively smaller, one can see an immediate effect in the reduction of the corresponding coupling.
However, an interesting feature is rather around a higher mass range of m φ where one can see that for a fixed value of m φ , y τ is falling more sharply as we decrease the mass split. This is attributed to the exponential factor in the expression of 〈σ eff v〉 for coannihilation channels (Eq. (3)). For a fixed δm, larger m φ in this factor will make 〈σ eff v〉 more enhanced because of e −δm/m φ and hence, to obtain right relic, y τ has to decrease. This feature is gradually prominent as we decrease the mass split because of stronger dependence on the exponential factor, e.g in the red line, the exponential tail is visible even for a smaller value of m φ than the rest of the cases. However, it is important to mention that only for demonstration purposes, we have taken y τ up to 10. To stay well within perturbative limits, throughout our analysis, we have fixed the upper limit on y τ at 3. For convenience, we have shaded the allowed parameter space in the figure. From this constraint, however, one can get a limit on the maximum range of the mass splits between φ and ψ ± while m φ is varied over the entire range. But the more realistic picture will be for the case where both ψ 0 and ψ ± vary instead of fixing one. In Fig. 5a , the variation of ∆m 0 vs. m φ is plotted for all points satisfying right relic. The mass splitting between φ and ψ ± is fixed at 100 GeV to rule out significant contribution from φψ ± coannihilation channels. Major share in relic density comes from φψ 0 → τ ± W ∓ and φψ 0 → ν τ Z channels provided those are kinematically allowed. Larger values of ∆m 0 causes Boltzmann suppression in 〈σ eff v〉, which in turn is compensated by larger values of the coupling, as clearly seen in the plot. However, this feature is more prominent for smaller values of m φ , as for a fixed ∆m 0 , larger values of m φ imply large m ψ 0 − m φ which rules out any substantial effect from the coannihilation channels. In Fig. 5b , a similar variation is observed between ∆m ch and m φ which shows the effect of the φψ ± coannihilation channels. These channels include Fig. 2 ) and φψ ± → hτ ± . The last one, however, will have very negligible contribution due to tiny hττ coupling. m ψ 0 − m φ is again fixed at 100 GeV to avoid large φψ 0 coannihilation contribution. However, unlike Fig. 5a , here y τ is varied over the entire range, ie, from 0 to 3. As mentioned previously, for very small values of ∆m's, the freeze-out of ψ 0 and ψ ± also contributes to the relic density of φ. This annihilation process is mediator driven. However, as observed from Eq. (3), the dependence on ∆m's is stronger in the Boltzmann factor of 〈σ eff v〉 than coannihilation. This leads to the fact that for very small values of ∆m's, the mediator driven annihilations almost entirely dominate the total DM annihilation. It is also worth noting that being mostly gauge mediated these channels substantially contribute to the DM annihilation even for very small values of y τ . For our choice of parameters, we have observed that mediator annihilation is effective for (m ψ ±0 − m φ ) 5 GeV and then the coannihilation processes take over. This feature is clear from Fig. 6 where we can see that the dependence on y τ is negligible for ∆m ch 0.1 and beyond that range, as ∆m ch increases, the required coupling also increases gradually. m φ and m ψ 0 are fixed at 100 and 250 GeV respectively.
In Fig. 7 , the variation of the relic density is plotted with ∆m 0 for some fixed Yukawa couplings and DM mass. As already argued, for a fixed m φ , larger coupling corresponds to larger ∆m 0 due to Boltzmann suppression in 〈σ eff v〉 as well as larger mass suppression of ψ 0 in the t-channel propagator of the coannihilation channels. This explains the shift along the X-axis from the red to the blue line where m φ is 100 GeV and the Yukawa coupling y τ varies from 0.5 to 1.0. We see the same trend for the green and magenta lines, but the amount of shift is relatively less. Because, in this case, m φ is larger (500 GeV), which automatically implies a fairly large splitting between m 0 ψ and m φ and consequently the coannihilation effect is not so prominent. We can argue that for a fixed value of y τ larger DM mass obtains the correct relic density with a relatively smaller ∆m 0 , hence the red line with m φ =100 GeV shifts left towards the green line with the same y τ but larger m φ =500 GeV. The same logic applies to the shift between the blue and the magenta line.This trend also agrees with Figs. 5a and 5b. m ψ ± is fixed at 1 TeV to rule out the effect of the φψ ± coannihilation channels. As expected, very small values of ∆m 0 gives underabundance for the choice of parameters due to a fairly large increase in the Boltzmann factor of Eq. (4). 
Direct and indirect detection
• Direct search prospect : As known from the direct detection of scalar DM models, DM undergoes elastic scattering with detector nuclei through Higgs mediation. The spin-independent scattering cross-section in our model is [45] ,
where the form factor ( f ∼ 0.3) contains all the contributions from the nuclear matrix elements. Throughout the study, we have fixed the DM-Higgs coupling λ φh at 10 −4 . This keeps σ SI well below the experimental bounds [46] as seen in Fig. 9 . The new physics Yukawa coupling y τ being lepto-philic plays no role in direct searches. This is also quite clear from the plot. • Indirect search prospect : The indirect detection experiments further constrain the DM velocity averaged crosssection for relevant channels contributing to high energy γ ray flux in the Universe. In the context of our model, as far as these possibilities are concerned, due to DM-Higgs coupling λ φh = 10 −4 , 〈σv〉 γγ and 〈σv〉 bb contributions will be minuscule. However, the annihilation channels in Fig. 1 give rise to 〈σv〉 τ + τ − possibility. In Fig. 10 , we have varied m φ and y τ over the full range to check that the parameter space region considered remains safely below the experimental limits from Fermi-LAT data [16] . The larger ∆m's considered in Fig. 10b suggest larger propagator suppression for the relevant channels and consequently shift the parameter space downwards along the Y-axis compared to Fig. 10a , which is visible from the plots. 
IV. COLLIDER SIGNATURES
The challenges of discovering dark matter in colliders are manifold. They manifest themselves as missing energy (E miss T ). Hence, the focus shifts entirely on the characteristics, and precise measurements of associated production of visible particles. The charged multi-lepton channels are the most suitable to probe dark matter because of its clean signal, whereas, QCD backgrounds overshadow the multi-jet channel, and it is very difficult to separate signals from the backgrounds. Here, we are going to study the collider signatures of DM though charged multi-lepton +E miss T channels. Our analysis will include both light charged leptons as well as τ-leptons. We all know that τ-leptons mostly decay hadronically and hence demand a separate analysis. Hence, in this section, we separately discuss both scenarios.
We have used FeynRules [47] to generate model files for our model. Events have been generated using MadGraph5 [48] and showered with Pythia 8 [49] . Finally, the detector simulation has been performed using Delphes [50] . We carried out our analysis for the LHC at the CM energy S = 13 TeV. We used the dynamic factorisation and renormalisation scale for the signal as well as the background events.
For the generation of parton-level events, we apply minimum or maximum cuts on the transverse momenta p T and rapidities η of light jets, b-jets, leptons, photons, and missing transverse momentum. Also, distance cuts between all possible final objects in the rapidity-azimuthal plane are applied, with the distance between two objects i and j defined as
where φ i and η i are the azimuthal angle and rapidity of the object i, respectively.
The preliminary selection cuts used in the analysis are:
• p T > 10 and |η| < 2.5 for all charged light leptons,
• p T > 20 and |η| < 5 for all non-b-jets, and
• ∆R i j > 0.4 between all possible jets or leptons.
After this, the .LHE files obtained through parton level events are showered with final state radiation (FSR) with Pythia 8
where initial state radiation (ISR) and multiple interactions are switched off and fragmentation/hadronization is allowed.
A. Analysis for the light di-lepton channel
In this channel the most important modes of production are (1) pp → + − 2φ ;
(2) pp → + − νν 2φ .
where, in general, stands for all three generations of charged leptons, namely, e, µ, τ. We will take up the study of light di-lepton in this subsection and will henceforth will mean only e and µ unless specifically mentioned. Please note the distinction between the signal process sets (1) and (2) as they will manifest themselves with more clarity in the studies of light-and τ-leptons.
To highlight the features of our model clearly, we have selected the following benchmark points (see Table II ). The significance of the choice in benchmark points will be clear as we elaborate on our analysis in the following subsections. For the benchmark points given in Table II we get the cross-sections as shown in Table III . Among the two classes of signal processes, the set (1) is subdominant. To understand its reason let us enumerate the subprocesses that take part in this.
(i) pp → ψ + ψ − , followed by the decay of both ψ ± as ψ ± → ± φ ; The couplings which play a role in the above processes are only the ones involving light leptons and hence are very suppressed as shown in Eq. (6). On the other hand, the set (2) of processes mentioned above will proceed as
As the couplings involved can also be either gauge couplings or that involving τ-lepton, both being considerably large, the set (2) of processes give us sufficient cross-sections to proceed with our analysis. This is clear from Table III . The major backgrounds at the LHC for the light di-lepton channel are as follows Bkg1 : pp → tt, followed by the top (anti-)quark decaying into the leptonic channel,
Bkg3 : pp → W ± Z(γ * ), followed by W ± → ± ν(ν), and Z/γ * decays into leptonic channel, Z(γ * ) → + − .
Bkg4 : pp → Z Z(γ * ), followed by leptonic decays Z → νν and Z(γ * ) → + − . Before getting involved in more intricate analysis, we shall first discuss the kinematic distributions for this channel. The kinematic observables at our disposal are only the 4-momenta of the leptons and the missing energy E miss T . We order them according to the magnitude of their transverse momentum p T . As a result, a leading lepton would always mean the leadingp T lepton. We can also construct other observables from them, such as the invariant mass of the lepton pair. In a similar vein, we would construct the so-called transverse mass of the lepton-E miss T system. We shall call this quantity the missing transverse mass and define it for each lepton-E miss T system as
where E T = p T , which is the magnitude of the transverse momentum of a given lepton and ∆φ E miss T is the difference between the azimuthal angles of the lepton and missing transverse momentum. The missing transverse mass plays an important role in distinguishing the massless invisible particles (such as neutrinos) from the massive ones (as is the case for our dark matter candidates) and hence is very crucial for our analysis. In Fig. 11 , we show some of the distributions for this channel. Before going further into the analysis, let us discuss the features of the benchmark points which we mentioned previously. It is clear from the distributions that the benchmark points 1 and 4 have similar patterns, whereas 2 and 3 are similar. For the first case, the distributions are more populated in the lower region of each observable. On the other hand, the distributions are more populated in the higher values for the latter case.
In the next level of our study, we use Toolkit for Multivariate Data Analysis (TMVA) [51] in ROOT, to distinguish the signal events from the backgrounds efficiently. For this, we use the distributions of Fig. 11 and some other kinematic observables to train a boosted decision tree (BDT). The complete list of observables used to train BDT are as follows:
• p T and η of the leading and sub-leading leptons and the invariant mass of the pair.
• missing transverse momentum E miss T .
• missing transverse mass M miss T of the leading and sub-leading leptons.
• the difference of the azimuthal angles ∆Φ E miss T of the leading and sub-leading leptons with the missing transverse energy.
We use these distributions as discriminators to the BDT analysis. The discrimination of the signal and background can be improved further using proper cuts in addition to the preliminary selection cuts to the signal and/or background events. The resulting BDT-response functions give us an estimate of the signal efficiency vs. the rejection of the background. Fig. 12 shows the BDT-response curves (solid filled histograms are for the signal and the hollow ones are for the background) for the di-lepton channel for each benchmark points. Here we show two sets of BDT-responses: (1) the solid purple and the hollow red ones are before any additional cuts with only taking into account the preliminary selection cuts, whereas (2) the solid blue and the hollow black ones are after implementing carefully chosen additional set of cuts to improve the distinguishability of the signal from the backgrounds. We will elaborate on the cuts chosen later on in this subsection.
We observe that the signal is separable from the background from the BDT-response curves of Fig. 12 after the use of additional cuts. However, we have not yet quantified the improvement. For this, we draw the Receiver Operating Characteristic (ROC) curves for each benchmark point using the gradual use of additional cuts. Fig. 13 shows the resulting curves for the signal efficiency vs. the rejection of the background. The area under each curve gives the quantitative estimate of the goodness of the separation of the signal from the backgrounds. The inset of Fig. 13 shows the area under the ROC curve for each cut. The value of the cut is in addition to all the preceding cuts. We can see the improvement in the separation of the signal from the backgrounds from these numbers. This feature is consistent with that of Fig. 12 . The important point to be noted here is that the cuts were used only on the signal events for the benchmark points 1 and 4 leaving the background events untouched, whereas the opposite has been done for the benchmark points for 2 and 3. The reason for this can be understood as the population of events in the distribution plots of Fig. 11 .
B. Analysis for the di-τ-jet channel
Although τ-lepton analysis poses more challenges, at the same time it unravels more unique features that can come handy in the analysis for any collider like LHC. The τ-lepton is the charged lepton of the third generation and the heaviest among them. It is even heavier than most of the light quark mesons. As a result, τ-leptons decay hadronically, which sets it apart from all other leptons. Due to the lepton number conserving weak interactions, the τ final states are always accompanied by one neutrino in the hadronic final states and two neutrinos in the leptonic final states. Since the neutrinos add to the missing energy, the full τ energy cannot be measured. The leptonic decays of the τ is difficult to distinguish from prompt leptons in a + E miss T final state. Therefore only the hadronically decaying τ's are suitable for the collider signatures.
We use the τ-tagged jets from Delphes and reconstruct them with the help of FastJet [52] using anti-k T algorithm. The separation ∆R of two adjacent τ-jets is taken to be 0.4 and the τ-tagging efficiency is taken to be 60%.
In this subsection, we will take up the discussion of τ-jet channel. Here we follow the same line of analysis as the light di-lepton. As in the case above, here also the most important modes of production are (1) pp → τ + τ − 2φ ;
(2) pp → τ + τ − νν 2φ .
Contrary to the light di-lepton channel, the signal process set (1) here is more dominant than set (2) as mentioned previously. This is because although the large value of y τ and gauge couplings dictate both the processes, process (2) is suppressed by branchings and phase space. Table V shows the signal cross-sections for di-τ-jet channel. As mentioned previously we can see the distiction between the cross-sections of process (1) which is substantially greater than that of process (2) for this case. This can be understood from the sub-processes enumerated in the previous subsection with τ in the final states instead of light lepton.
Processes
cross-section (pb) The major backgrounds at the LHC for the τ-jet channel are as follows Bkg1 : pp → tt, followed by the top (anti-)quark decaying into the τ-jet channel,
Bkg3 : pp → W ± Z(γ * ), followed by W ± → τ ± ν(ν), and Z/γ * decays into τ-jet channel, Z(γ * ) → τ + τ − /2 j.
Bkg4 : pp → Z Z(γ * ), followed by Z → νν and jet decays Z(γ * ) → τ + τ − /2 j. Next we use TMVA to distinguish the signal events from the backgrounds. The distributions used as the discriminatior to train a BDT are as follows:
• p T and η of the leading and sub-leading τ-jets and their invariant mass.
• missing transverse mass M miss T of the leading and sub-leading τ-jets.
• the difference of the azimuthal angles ∆Φ τE miss T of the leading and sub-leading τ-jets with the missing transverse energy.
Same as above, we use these distributions as discriminators to the BDT analysis and draw the BDT response curves. Fig. 15 shows the BDT-response curves (similar to the previous case, here also the solid filled histograms are for the signal and the hollow ones are for the background). Two sets of BDT-responses corresponds to: (1) the solid purple and the hollow red ones are before any additional cuts with only taking into account the preliminary selection cuts, whereas (2) the solid blue and the hollow black ones are after implementing carefully chosen additional set of cuts to improve the distinguishability of the signal from the backgrounds. Fig. 16 shows the ROC curve for the signal efficiency vs. the rejection of the background. The inset of Fig. 16 shows the area under the ROC curve for each cut. As in the previous case, the value of the cut is in addition to all the preceding cuts. We can see the visible improvement in the separation of the signal from the backgrounds from these numbers. Please note that, unlike the previous case, here the cuts were used only on the signal events. 
V. CONCLUSION
In this work, we have proposed a singlet scalar DM with a vector-like fermionic doublet having the same dark symmetry. The minuscule Higgs portal coupling with scalar DM keeps the direct detection cross-section below the experimental bound which is an important handle in reviving the scenario of scalar singlet DM models. The new Yukawa coupling, on the other hand, which is irrelevant to direct search prospects, plays a vital role in dictating the relic density. We have shown that the model can provide a viable DM candidate through pair annihilation, coannihilation, and mediator annihilation channels over a wide of parameter space ranging from GeV up to TeV scale. The transition from pair annihilation to coannihilation regime is demonstrated and the relevant limits of parameters are discussed. We have observed that coannihilation processes have a substantial contribution to relic density for a comparatively larger mass splitting between DM and the dark sector particles than what is usually discussed in the literature. This may be attributed to the gauge couplings involved in these channels which is a substantial contribution thanks to the dark fermion being a doublet. This is an artifact of the unconventional BSM Yukawa structure considered in the proposed model. This arrangement, involving SM and dark sector lepton SU(2) L doublets and a scalar singlet appropriately highlights the important features in the work.
Apart from the DM context, the gauge production of the fermionic doublet followed by decay to DM through the Yukawa coupling results in a substantially increased DM production at the colliders compared to scalar singlet scenarios. Using suitable kinematic observables in Boosted Decision Tree (BDT) classifier, we separate the signal events from the backgrounds in an effective manner. We have shown that with the use of proper cuts, we can achieve good results for both the light as well as τ leptonic channels. This model can also provide potential search prospects for long-lived particles because for mediator annihilation and coannihilation regimes, the mass splittings between DM and other dark sector particles are typically considered to be very small. This can lead to suppressed decay width of the coannihilating partner and the delayed decay can facilitate long-lived signatures (LLP) in the colliders which is recently being given wide attention in the literature.
One can interpret a limitation of the proposed model in the sense that from the observed results in both dark matter and the collider analysis, there is no way to distinguish between the two coannihilating partners. We are pursuing a possible solution to address this issue in an ongoing work.
Appendix A: Appendix
Differential cross-section of the pair annihilation process φφ → τ + τ − is
